A one-pot polymerization method using citric acid and glucose for the synthesis of nano-crystalline BaFe 0.5 Nb 0.5 O 3 is described. Phase evolution and the development of the crystallite size during decomposition of the (Ba,Fe,Nb)-gel were examined up to 1100°C. Calcination at 850°C of the gel leads to a phase-pure nano-crystalline BaFe 0.5 Nb 0.5 O 3 powder with a crystallite size of 28 nm. The shrinkage of compacted powders starts at 900°C. Dense ceramic bodies (relative density ≥ 90%) can be obtained either after conventional sintering above 1250°C for 1 h or after two-step sintering at 1200°C. Depending on the sintering regime, the ceramics have average grain sizes between 0.3 and 52 µm. The optical band gap of the nano-sized powder is 2.75(4) eV and decreases to 2.59(2) eV after sintering. Magnetic measurements of ceramics reveal a Néel temperature of about 23 K. A weak spontaneous magnetization might be due to the presence of a secondary phase not detectable by XRD. Dielectric measurements show that the permittivity values increase with decreasing frequency and rising temperature. The highest permittivity values of 10.6 9 10 4 (RT, 1 kHz) were reached after sintering at 1350°C for 1 h. Tan δ values of all samples show a maximum at 1-2 MHz at RT. The frequency dependence of the impedance can be well described using a single RC-circuit.
Introduction
Perovskite materials with high dielectric constants are of interest for applications in advanced technologies, e.g. memories and sensors [1] [2] [3] . BaFe 0. 5 Nb 0.5 O 3 is interesting as an alternative for leadcontaining dielectrics like PZT because it shows high dielectric constants over a wide temperature and frequency range [4] . Patel et al. [5] showed that grain boundary effects are probably causal for the high permittivity values, and investigations by Wang et al. [6] suggest an oxygen defect-induced dielectric behaviour. Some authors describe BaFe 0.5 Nb 0.5 O 3 as a relaxor ferroelectric with monoclinic cell parameters [7] [8] [9] [10] [11] [12] [13] . In contrast, structural investigations by Tezuka et al. [14] and Galasso and Darby [15] reveal a centrosymmetric cubic space group, and XRD analyses by Bhagat and Prasad [16] point to a centrosymmetric monoclinic unit cell, indicating a nonferroelectric nature of BaFe 0.5 Nb 0.5 O 3 [17] [18] [19] . In addition to its interesting and not fully understood dielectric properties, BaFe 0.5 Nb 0.5 O 3 is an antiferromagnet with a Néel temperature of about 25 K [14] and can be used for the catalytic reduction of NO and the oxidation of CO [20] . Recently, Pan et al. [21] and Chung et al. [22] reported on the dry reforming of methane with CO 2 to form syngas in the presence of BaFe 0.5 Nb 0.5 O 3 . Usually, BaFe 0.5 Nb 0.5 O 3 is synthesized by the conventional mixed-oxide method, resulting into coarse-grained powders, which need high sintering temperatures [11, 12, 14, 17, [23] [24] [25] [26] . Additionally, only few wet-chemical synthesis routes have been reported, such as sol-gel and co-precipitate routes [5, 13, 27] as well as a microwave-assisted synthesis [28] . In addition, a nanoscaled BaFe 0.5 Nb 0.5 O 3 powder via biosynthesis was reported by Jha et al. [29] . Generally, soft-chemistry syntheses lead to fine-grained/nano-sized powders at low reaction temperatures. Using nano-sized powders, the sintering behaviour can be improved, resulting in a reduction in sintering temperatures and soaking times to form ceramics with tuneable grain sizes.
For this purpose, we report on a one-pot Pechinilike polymerization method using citric acid and glucose to synthesize nano-crystalline BaFe 0.5 Nb 0.5 O 3 at low temperature with an improved sintering activity. Phase evolution and crystallite growth during the calcination process were monitored by XRD. The sintering behaviour of the nano-powder and the microstructure of resulting ceramic bodies were studied. Furthermore, magnetic and dielectric measurements were carried out, and the optical band gaps of the BaFe 0.5 Nb 0.5 O 3 samples were determined.
Experimental Material preparation
NbCl 5 (0.007 mol, Alfa Aesar, 99%) and 10 g anhydrous citric acid were dissolved in 60 ml 1,2-ethanediol. Heating to about 100°C led to a clear solution. Characterization X-ray powder diffraction patterns using Cu-K α radiation were collected at room temperature on a Bruker D8-Advance diffractometer, equipped with a one-dimensional silicon strip detector (LynxEye™). Crystallite size and the strain parameter were determined from XRD line broadening (integral peak breadth) using the Scherrer and Wilson equation (software suite WinXPOW [30] ). For Rietveld refinement, the FullProf software suite was applied [31] . Dilatometric measurements were carried out in flowing synthetic air (50 ml min −1 ) in a Setaram TMA 92-16.18
dilatometer. Simultaneous thermogravimetric (TG) and differential thermoanalytic (DTA) investigations in flowing synthetic air (20 ml min −1 ) were performed using a Netzsch STA 449 system. The TG/DTA measurement of the decomposition of the (Ba,Fe,Nb)-gel was carried out on a sample preheated at 250°C. The specific surface area (BET) was determined using nitrogen five-point gas physisorption (Nova 1000, Quantachrome Corporation). The equivalent BET particle diameters were calculated assuming a spherical or cubic particle shape. Scanning electron microscope images were recorded with a Phenom ProX SEM in the backscattered electron mode (BSE). TEM images were recorded with a FEI Titan 80-300 in flowing air were carried out on this powder (Fig. 1) . The sample shows a continuously weight loss of 6.7% up to 195°C in combination with a very weak and broad endothermic signal, which is probably due to the release of absorbed molecules, such as H 2 O. At higher temperatures, a two-step decomposition process, accompanied by exothermic signals, occurs. The first step results in a weight loss of 48.8% at 390°C, and the second step leads to a loss of 81.1% up to 445°C. The DTA shows a first weak exothermic signal with an onset temperature of 250°C and a very strong second one with an onset temperature of 395°C. This strong exothermic reaction can be assigned to a combustion-like reaction in which the organic components (mainly glucose and citric acid) act as fuel and the nitrate ions as oxidizing agent. Between 445 and 530°C, a last very small weight change can be observed, resulting in a total weight loss of 84.5%. The dark brown residue was identified as BaFe 0.5 Nb 0.5 O 3 by XRD measurement. The phase evolution during the thermal decomposition of the (Ba,Fe,Nb)-gel is shown in Fig. 2 . For these investigations, aliquots of the gel were heated in static air in a muffle furnace at different temperatures for 2 h (rate 10 K min ).
Figrue 2 Room-temperature XRD patterns of the (Ba,Fe,Nb)-gel after calcination at various temperatures for 2 h: a 600°C, b 800°C, c 900°C (heating rate 10 K min −1 ), and d 850°C (heating rate
).
The addition of glucose during the synthesis process results in a reduction in the crystallite size after thermal decomposition. For example, a crystallite size of 47 nm was obtained after decomposition at 1000°C for 2 h, while the identical synthesis route without glucose led to a crystallite size of 63 nm. The decrease in crystallite size by adding glucose is probably due to the increased fuel (organic molecules) to oxidizer (nitrate ions) ratio, which leads to a reduction in the maximum combustion temperature [32, 33] .
Sintering behaviour and microstructure of ceramic bodies
To investigate the sintering behaviour and to obtain ceramic bodies, the (Ba,Fe,Nb)-gel was calcined at 850°C for 2 h with a heating rate of 1 K min −1 . This thermal treatment leads to a phase-pure nano-crystalline BaFe 0.5 Nb 0.5 O 3 powder with a volumeweighted average crystallite size of 28 nm and a rootmean-square strain of 0.0013. The specific surface area was determined as 6.91 m 2 g −1 which corresponds to a calculated equivalent particle size of 134 nm. The large difference between the crystallite size and the particle size from BET measurement can be explained assuming strong agglomeration and in turn surface areas unavailable for nitrogen adsorption. TEM images support this interpretation as they show agglomerates consisting of particles with diameters between about 20 and 45 nm (Fig. 4) . The present synthesis method leads to a considerable reduction in the calcining temperature and time to form single-phase BaFe 0.5 Nb 0.5 O 3 powders compared to the classical mixed-oxide method as well as to other sol-gel and co-precipitate routes [10, 13, 17, 22, 27] .
A non-isothermal dilatometric measurement (up to 1500°C) on a powder compact in flowing air shows that the shrinkage process starts at about 900°C (Fig. 5) . A first shrinkage process shows a broad maximum of the shrinkage rate of around − 0.5% min −1 between 990 and 1040°C. This first step is completed at 1225°C and results in a shrinkage of 23% (81% of the total shrinkage). Between 1225 and 1240°C, a narrow plateau occurs. According to investigations by Hirata et al. [34] , this plateau reflects grain growth processes within agglomerates without dwindling of pores. A similar behaviour was also observed for nano-sized MgFe 2 O 4 [35] . A second shrinking process starts at about 1240°C and shows a maximum shrinkage rate of − 0.23% min −1 at 1323°C.
Between 1385 and 1400°C, a very weak expansion of the sample of 0.4% can be observed. The reason for this small expansion process is not yet clear although it was reproduced in several experiments. The whole shrinkage process is finished at 1450°C. The final bulk densities of ceramic bodies after conventional isothermal sintering for 1 h in static air (heating/cooling rate 5 K min −1 ) is shown in Fig. 6 .
The absolute bulk densities of the sintered bodies were calculated from their weight and geometric ).
dimensions, and the relative bulk densities are related to the single crystal density of 6.46 g cm −3 [15] .
We obtained dense ceramics (relative density ≥ 90%) after one-hour sintering above 1250°C. Sintering at 1300°C results in a relative density of 95% which remains almost constant at higher temperatures. For comparison, dense ceramic bodies of BaFe 0.5 Nb 0.5 O 3 via a classical mixed-oxide route can be obtained after sintering at a minimum temperature of 1350°C and soaking times more than 1 h [17, 27, 36] . SEM images of selected ceramic bodies are depicted in Fig. 7 . As can be seen, very compact microstructures were obtained and only few pores can be found in accordance with the high densities. The average grain size (∅ li ) was determined by the lineal intercept method [37] . One-hour sintering at 1200°C results in very small grains between 0.18 and 0.60 µm (∅ li = 0.33 µm). Raising the temperature to 1250°C, the grain size ranges between 0.5 and 3.5 µm (∅ li = 1.9 µm), while after sintering at 1350°C the ceramic consists of grains between 7 and 34 µm (∅ li = 19.9 µm). Additional values for further sintering temperatures are listed in Table 1 .
To enhance the densification at lower temperatures, a two-step sintering regime was used. A compacted powder was first heated rapidly (20 K min −1 )
to 1300°C (T 1 ), then fast-cooled (20 K min
) to 1200°C (T 2 ), and held at T 2 for 10 h (see Fig. 6 ). The resulting ceramic body had a relative bulk density of 90% and consisted of grains between 0.75 and 4.2 µm (∅ li = 2.3 µm). The sintering temperatures are reduced by 200°C compared to the two-step sintering process of a nano-powder from a co-precipitation method reported by Wang et al. [27] .
XRD patterns of the powdered ceramic bodies sintered up to 1400°C show only reflections of cubic BaFe 0.5 Nb 0.5 O 3 , without any indications for impurities (Fig. S1, supported information) . In contrast to the sol-gel synthesis described by Patel et al. [5] , we did not observe the formation of secondary phases even at high sintering temperatures above 1250°C. Additionally, our XRD patterns did not reveal any superlattice peaks, indicating a random distribution of iron and niobium ions in contrast to investigations by Tezuka et al. [14] . Therefore, the XRD pattern of the sample sintered at 1350°C was refined on the basis of the cubic perovskite structure (SG Pm 3m, no. 221). The lattice parameter was calculated as a = 406.11(1) pm (see also Fig. S2 , supported information), close to the value found by Galasso and Darby [15] .
UV-Vis, magnetic, and dielectric measurements
The diffuse reflectance spectra of BaFe 0.5 Nb 0.5 O 6 powder calcined at 850°C for 2 h are shown in Fig. 8 . The Kubelka-Munk theory was used for determining the optical band gap [38, 39] . The best fit to a straight line near the absorption edge was obtained assuming a direct allowed transition in accordance with literature [40] . Thus, the optical band gap (E g ) can be determined by plotting (F(R) · hν) 2 versus hν (F (R) = Kubelka-Munk function) and extrapolating the slope to F(R) → 0 (inset I in Fig. 8 ) [41] . The optical band gap of the pre-ceramic powder, calcined at ) of a compacted powder (calcined at 850°C for 2 h).
Figrue 6
Final bulk densities versus sintering temperature of ceramic bodies after conventional sintering for 1 h and a two-step sintering procedure.
850°C for 2 h, was calculated as 2.75(4) eV. This value decreased after sintering (inset II in Fig. 8 ). After onehour heating at 1000°C, the ceramics revealed a band gap of 2.68(4) eV which is further reduced to 2.59 (2) eV after heating at 1200°C but does not change significantly for higher sintering temperatures (e.g. 2.62(2) eV after 1400°C). The obtained optical band gap values are in the range reported by Patel et al. [40] , whereas Kar et al. [42] surprisingly reported a much smaller band gap of only 1.3 eV.
BaFe 0.5 Nb 0.5 O 3 is an antiferromagnet with a Néel temperature (T N ) of about 25 K [14] . Figure 9 shows exemplarily the ZFC and FC curves of a ceramic body conventionally sintered at 1350°C for 1 h. Below T N , the ZFC curve reveals a reduced magnetic moment, whereas the FC curve only shows a kink at T N . The Néel temperature depends slightly on the sintering temperature (inset I in Fig. 9 ). After sintering at 1000°C, T N is 19 K, rises to 23 K after sintering at 1300°C and remains constant at higher sintering temperatures. Our values of T N ≈ 23 K are close to values reported in Refs. [14, 26] . Field dependent measurements at 300 K reveal a very weak spontaneous magnetization indicated by a hysteresis loop (inset II in Fig. 9 ). This weak spontaneous magnetization found in all ceramic bodies might be due to the presence of marginal traces of ferrimagnetic BaFe 12 On the other hand, even with very long counting times (10 s per data point) our XRD patterns of ceramic bodies showed no peaks corresponding to secondary phases. Still, such low contents as mentioned above might be below the detection limit even of modern diffractometers. Longer soaking times were found to lead to a reduction of the weak spontaneous magnetization corresponding to calculated BaFe 12 O 19 contents of about 0.17 and 0.14 wt % after soaking times of 25 and 50 h at 1350°C, respectively. As a result, the reported ferromagnetic behaviour and large magnetic moments for some BaFe 0.5 Nb 0.5 O 3 samples [23, 29] are due to such ferrimagnetic impurities. Frequency-dependent dielectric measurements at room temperature (22°C) between 0.1 kHz and 10 MHz of ceramics are shown in Fig. 10 . Applying the model of a lossy capacitor, the ceramics show decreasing relative permittivities (ε r ) with increasing frequency. Up to a sintering temperature of 1350°C, the relative permittivities increase with sintering temperature (Table 1) . The values range between 9.5 9 10 3 and 10.6 9 10 4 , and the tan δ values vary from 0.26 to 0.88 at 1 kHz. At frequencies above 100 kHz, the permittivity values of the conventionally sintered ceramics decrease drastically; however, the two-step sintered ceramic shows higher permittivity values. Above 10 kHz, the loss tangent increases and reaches a maximum at about 1 MHz for conventionally sintered ceramics and at 2 MHz for the twostep sintered one. The general trend of a strong decrease in the relative permittivity and a corresponding maximum of tan δ is often found in BaFe 0.5 Nb 0.5 O 3 ceramics [17, 27, 42] . The temperature dependence of the relative permittivity and the dissipation factor at 1 kHz is shown in Fig. 11 . All samples show rising permittivity and tan δ values with temperature. Between 25 and 190°C, the sample sintered at 1350°C shows the highest permittivity values of 10.7 9 10 4 to 46.2 9 10 4 and tan δ values in the range of 0.48 and 1.83. On the other hand, the ceramic sintered at 1300°C shows the lowest dissipation factor at higher temperatures along with the lowest temperature dependency of tan δ. Compared to samples prepared by the mixed- oxide method [9, 16, 24, 48] and a sol-gel route [5] , the ceramics described herein show up to one order of magnitude higher permittivity values reaching 10.6 9 10 4 at 1 kHz and moderate tan δ values (\1) at room temperature. The above discussion does not consider a possible dc-conductivity, which may be the origin of such high dielectric loss values. For a deeper understanding of the impedance data, the electrical properties therefore were modelled using a circuit of a resistance and capacitor connected in parallel (RC-element). The complex impedance (ρ * ) is described by:
where β is the constant phase shift (CPE) coefficient and τ = ρ dc εε 0 . Details of this approach have been reported elsewhere [49] . As an example, Fig. 12 depicts the frequency dependence of the real (ρ′) and imaginary (ρ″) parts of the specific impedance at room temperature for a ceramic body conventionally sintered at 1250°C. The Cole-Cole plots reveal single semicircular arcs (Fig. S3, supported information) up to a temperature of 190°C, proving that the impedance data of all ceramic samples can be well described by an equivalent circuit consisting of a single RC-element. From the fits, the calculated relative permittivities at room temperature of dense ceramics conventionally sintered at 1250, 1300, and 1350°C are 2.09(2) 9 10 4 , 73(4) 9 10 4 , and 120
(1) 9 10 4 , respectively. Simultaneously, the dc-resistivity (ρ dc ) decreases with rising sintering temperature from 4420(13) and 1330 (19) , to 277(5) kΩ cm. For the two-step sintered ceramic, values of ε = 4.83 (4) 9 10 4 and ρ dc = 219(5) kΩ cm were found. The activation energy (E A ) of the resistivity (ρ dc ) for the ceramic body sintered at 1250°C was calculated as 0.39(3) eV using an Arrhenius plot (inset in Fig. 12 ). The activation energy is somewhat higher than that recently found for BaFe 0.5 Nb 0.5 O 3 samples prepared by a solution precipitation route [27] . Such a comparatively low activation energy (E A ≪ E g /2) points Figrue 12 Dependence of the real and imaginary parts of the specific impedance (ρ′, ρ″) on the frequency at 22°C for a ceramic body conventionally sintered at 1250°C for 1 h. The inset shows the Arrhenius plot of log ρ dc versus 1000/T. 
